Purpose: To evaluate whether upper-body compression affects power output and selected metabolic, cardiorespiratory, hemodynamic, and perceptual responses during three 3-min sessions of double-poling (DP) sprint. Method: Ten well-trained male athletes (25 ± 4 y, 180 ± 4 cm, 74.6 ± 3.2 kg) performed such sprints on a DP ski ergometer with and without a long-sleeved compression garment. Result: Mean power output was not affected by such compression (216 ± 25 W in both cases; P = 1.00, effect size [ES] = 0.00), although blood lactate concentration was lowered (P < .05, ES = 0.50-1.02). Blood gases (ES = 0.07-0.50), oxygen uptake (ES = 0.04-0.28), production of carbon dioxide (ES = 0.01-0.46), heart rate (ES = 0.00-0.21), stroke volume (ES = 0.33-0.81), and cardiac output (ES = 0.20-0.91) were also all unaffected by upper-body compression (best P = 1.00). This was also the case for changes in the tissue saturation index (ES = 0.45-1.17) and total blood content of hemoglobin (ES = 0.09-0.85), as well as ratings of perceived exertion (ES = 0.15-0.88; best P = .96). Conclusion: The authors conclude that the performance of well-trained athletes during 3 × 3-min DP sprints will not be enhanced by upper-body compression.
Team competition in cross-country-ski sprint, where 2 athletes alternately perform 3 runs each, was launched initially at the World Championships in 2005 and the Olympic Winter Games in 2006. The official distance for a single sprint run ranges from 1300 to 1600 m, which corresponds to a mean racing time of approximately 3 minutes, followed by an equally long period of recovery.
In connection with endurance disciplines such as running and cycling, the use of special lower-body racing gear including compression socks, shorts, and tights is receiving more and more interest. Recently, a great deal of evidence concerning the effects of various types of compression clothing on the performance 1,2 and recovery [3] [4] [5] of both elite and recreational athletes has been reported. In this context, 2 recent reviews described contradictory findings regarding these effects on a number of parameters related to performance and recovery, including blood lactate levels, oxygen uptake, cardiac output, and tissue oxygenation, as well as perceived outcome. 6, 7 Oxygen extraction in the arms has been shown to be lower than in the legs during double-poling (DP) skiing at 76% VO 2max under normoxic conditions. 8 Furthermore, Bochmann et al 9 have demonstrated that external compression ranging from 13 to 23 mmHg elevates arterial perfusion of the forearm more than twofold. These observations indicate that upper-body compression may improve oxygen availability, thereby enhancing upperbody performance.
To date, the effects of upper-body compression specifically on DP sprints have not been evaluated systematically. The main goal of the current study was to test the hypothesis that upper-body compression improves DP sprint performance by enhancing power output and improving selected metabolic, cardiorespiratory, hemodynamic, and perceptual parameters. We focused on DP, since this is the technique most commonly employed in the classical sprint skiing events.
Methods

Participants
Ten well-trained male endurance athletes (age 25 ± 4 y, height 180 ± 4 cm, mass 74.6 ± 3.2 kg [mean ± SD]) volunteered to participate in this study, which was preapproved by the ethics committee of the University of Wuppertal, Germany. All of the subjects gave their written informed consent to participate, and all were highly familiar with the laboratory exercise procedures involved. All of the athletes were asked to report for tests well hydrated and to refrain from intake of alcohol or caffeine and from strenuous exercise for at least 24 hours before testing.
The experimental group consisted of well-trained cross-country skiers and triathletes with well-trained upper bodies, all of whom had cross-country skiing and roller skating as part of their routine training schedule. Moreover, all subjects had a minimum of 5 years of training and had participated in endurance competitions, and, before testing, all performed 4 training sessions with all of the experimental setups.
Experimental Design
Within a 3-week period the participants completed 5 training sessions on a DP-ergometer, including 3-min DP sprints at submaximal and maximal intensity and 2 simulations of the actual test procedure, with and without upper-body compression. In connection with this pretesting, body composition was determined by a 4-electrode bioimpedance analysis (Tanita BC 418 MA, Tanita Corp, Tokyo, Japan), allowing subsequent calculation of fat and lean body mass.
The 2 experimental tests, 1 with and the other without compression, were performed in randomized order on different days at least 3 days apart to guarantee adequate recovery. The general study design is presented schematically in Figure 1 .
All of the athletes performed three 3-minute simulated DP sprints on a cross-country-ski ergometer (SkiErg, Concept2 Deutschland GmbH, Hamburg, Germany) employing their individual strategies to ensure maximal mean power output. The coefficients of variation for repeated measurements of power output by 3 subjects during 3-minute DP during pretesting ranged from 4.9% to 6.3%. During the 3-minute recovery period between consecutive tests, they walked (1.0 m/s) on a treadmill beside the DP ergometer. During the sprints, the power output for each poling cycle was recorded, along with oxygen uptake, production of carbon dioxide, respiratoryexchange ratio, heart rate, and stroke volume. At the same time, the oxygenation of and changes in blood volume in the medial portion of the triceps brachii were measured by near-infrared spectroscopy (Portamon, Artinis Medical Systems, Zetten, The Netherlands).
For analyses of gases, 120 μL of capillary blood was collected from the right earlobe both before and after the 20-minute warm-up period, as well as immediately and 2.5 minutes after the 3-minute DP sprints ( Figure 1 ). For analysis of lactate concentration, 20 μL of blood was collected from the left earlobe into a capillary tube (Eppendorf AG, Hamburg, Germany) at these same time points (Figure 1 ). Lactate was analyzed by an amperometric-enzymatic procedure using the Ebio Plus system (Eppendorf AG, Hamburg, Germany), and blood gases, with the AVL Omni 3 system (Roche Ltd, Basel, Switzerland), in duplicate in all cases, with the mean being used for statistical analysis. Under our laboratory conditions, the coefficient of variation for repeated measurements of lactate concentration is routinely 1.2% at a concentration of 12 mmol/L. For arterial oxygen saturation and partial pressure, the corresponding coefficients of variation are 3.2% and 3.6%, respectively. At the same time points at which blood was taken for lactate analysis, the participants were also asked to rate their perceived exertion on the Borg 6-20 scale. 10 Alterations The volume of the breath-by-breath analyzer (Metamax 3B, Cortex, Leipzig, Germany) was calibrated in the range of the anticipated fractional gas concentrations before each test with a precision 3-L syringe (Cortex, Leipzig, Germany) and calibration gas (15.8% O 2 , 5% CO 2 in N; Praxair, Germany). During all tests the subjects breathed through a turbine flowmeter and a Hans-Rudolph mask. To avoid discomfort and allow the athletes to move freely, all tubing and cables were fixed in place with straps and tape. Heart rate was recorded with a Polar T31 apparatus (1 Hz, Polar Oy, Kempele, Finland).
The bioimpedance beat-to-beat cardiographic analysis of stroke volume and cardiac output, ie, the product of stroke volume and heart rate, was assessed with the Task Force Monitor (CNSystems Medizintechnik AG, Graz, Austria). The procedures for fixation of electrodes and automatic recording of cardiac output, stroke volume, and heart rate have been described earlier. [13] [14] [15] During the compression trials the participants wore a long-sleeve compression garment made of 76% nylon and 24% spandex that covered the entire upper body, including the arms. In accordance with international recommendations 16 (SIGaT, Ganzoni-Sigvaris, St Gallen, Switzerland), the pressure applied to the upper body was determined 3 times with a pneumatic sensor before each trial, both at the forearm and on the triceps brachii, biceps brachii, and latissimus dorsi, as reported previously. 17, 18 The level of compression was targeted to be approximately 20 mmHg at the forearm and 15 mmHg at the triceps brachii, an average level employed in previous investigations. 7 
Statistical Analyses
All data were subjected to standard calculations and are presented as mean ± SD. Normal distributions of all the different types of data collected were confirmed, so no further transformation was necessary. Repeatedmeasures ANOVA was employed to compare each parameter at the 5 different time points. When a difference over time was thus indicated, Bonferroni post hoc analysis was applied to determine when the changes had occurred. An alpha value of P < .05 was considered statistically significant. The effect size Cohen d (defined as [difference between the means]/SD 19 ) was calculated for all of the parameters, as well as for the comparisons between the situations with and without compression. The thresholds for small, moderate, and large effects were defined as 0.20, 0.50, and 0.80, respectively. 19 All statistical tests were carried out with the Statistica (version 7.1, StatSoft Inc, Tulsa, OK, USA) software package for Windows.
Results
The mean pressures exerted by the compression garment on the forearm, triceps brachii, biceps brachii, and latissimus dorsi were 21 ± 5, 14 ± 3, 14 ± 2 and 9 ± 2 mmHg, respectively. The individual pressures at all sites and for all participants are documented in Table 1 .
All of the physiological values and perceptual responses examined are presented in Table 2 . The mean power output during the DP sprints was not affected by the compression garment (Figure 2 ; P = 1.00, effect sizes = 0.00-0.08), whereas blood lactate concentration was lower with than without upper-body compression (P < .05; effect size = 0.5-1.02). The individual differences in blood lactate concentration and power output with and without compression are shown in Figure 3 .
The partial pressure of oxygen (best P = 1.00; effect size = 0.11-0.49), arterial oxygen saturation (best P = 1.00; effect size = 0.07-0.50), and blood pH (best P = 1.00; effect size = 0.00-0.43) were unaffected by upper-body compression at any time point. This was also the case for oxygen uptake (best P = 1.00; effect size = 0.04-0.28), production of carbon dioxide (best P = 1.00; effect size = 0.01-0.46), heart rate (best P = 1.00; effect size = 0.00-0.21), stroke volume (best P = 1.00; effect size = 0.33-0.81), cardiac output (best P = 1.00; effect size = 0.20-0.91), changes in the tissue saturation index (best P = .96; effect size = 0.45-1.17), and content of total hemoglobin (best P = .54; effect size = 0.09-0.85). The athletes rated their perceived exertion on the Borg's scale as "very, very hard" during all 3 sessions of DP sprints, both with and without compression (P = 1.00, effect size = 0.15-0.88). 
Discussion
To the best of our knowledge, this is the first assessment of the effects of upper-body compression on 3 × 3-minute DP sprints with regard to power output and selected metabolic, cardiorespiratory, and hemodynamic parameters, as well as perceived exertion. Most significantly, the present findings revealed no influence of upper-body compression on power output during 3 × 3-minute DP sprints. The only significant effect of such compression was to lower blood lactate concentration. In this context, blood lactate concentration after high-intensity exercise has been reported to be lowered by compression, with creation of an inverse gradient due to retention of lactate within the muscle bed. 20, 21 This is consistent with our present results. Basically, when measured at the earlobe this lactate concentration is an integrated indicator of the release of lactate from muscle to blood, the distribution of blood lactate between the blood in the tissue and the general circulation, and the clearance or uptake of lactate by muscles and other organs such as the liver and heart.
As previously reported, 22 oxygenation of human skeletal muscle reflects the balance between oxygen utilization and oxygen supply. 23, 24 The present calculation of the effect size with regard to changes in the total concentration of hemoglobin, a marker for changes in blood volume, showed that the NIRS-based measure tended to be higher during the DP sprints, which would account for the enhancement of blood volume in the triceps brachii muscle with compression. With a greater blood volume, the distribution of lactate between the blood in the tissue and the general circulation, as well as the clearance or uptake of blood lactate by other muscles and organs, may have been altered, which would explain the lower lactate levels.
This proposal is speculative, however, since no changes in the blood level of lactate were observed in flat-water kayakers with upper-body compression, 25 and, moreover, after graded cycling while wearing compression stockings, this level was elevated approximately 12%. 26 The latter increase was attributed to a more pronounced overall contribution of anaerobic glycolysis to energy production. Since no alteration in the tissue saturation index during the DP sprints with compression occurred in the current study, it appears unlikely that muscle metabolism and, in particular, the anaerobic component, were affected. Therefore, on the basis of the NIRS and blood lactate measurements, we conclude that the lower levels of blood lactate were due to more efficient distribution rather than to any change in muscle metabolism.
Since there is evidence that venous return is improved by compression clothing 27,28 and the movement above heart level involved in double-poling improves venous return due to gravitational force, it seemed reasonable to expect that the stroke volume, cardiac output, and, finally, oxygen uptake of cross-country skiers would benefit from the use of upper-body compression. However, in the current study no changes in stroke volume, cardiac output, or oxygen uptake were evident when participants wore upper-body compression. These observations are reasonably consistent with the recent findings by Sperlich et al 17 that wearing knee-high socks with different levels of compression (0, 10, 20, 30, and 40 mmHg) does not affect stroke volume or cardiac output. Furthermore, recently, wearing compression shorts (applying approximately 37 mmHg to the thigh muscles) during recovery from high-intensity cycle exercise was reported to reduce blood flow through both deep and superficial regions of the biceps and quadriceps femoris without affecting glucose uptake. 29 Although the level of compression employed here was lower and there were no evident differences in the NIRS data, we conclude that the upper-body compression did not enhance blood flow, leading thereby to an ergogenic effect.
In addition, blood gas levels during DP sprints were not influenced here by upper-body compression. Similarly, both Sperlich et al 17 and Berry and McMurray 21 observed no compression-induced alterations in pH or the saturation or partial pressure of oxygen during submaximal running or cycling at 110% of maximal oxygen uptake. Furthermore, during eccentric downhill walking, muscle pH (assessed by 31p-MNR spectroscopy) was unaffected by full-body compression. 30 Finally, the ratings of perceived exertion while double-poling were unaffected by upper-body compression at any time point. It is interesting that compression appears to reduce muscle pain 24 to 48 hours after, 4,31-33 but not during or immediately after, high-intensity exercise. 17, [34] [35] [36] [37] Thus, compression clothing might be more beneficial in reducing perceived muscle pain when worn for a longer period, rather than only during the exercise itself.
Practical Applications and Conclusion
Our present assessment of the potential effects of upperbody compression during three 3-minute sessions of DP sprint by well-trained athletes revealed no influence on most of the parameters related to performance or in the metabolic, cardiorespiratory, hemodynamic, and perceptual responses examined. The only statistically significant effect was a lowering of blood lactate concentration, without any accompanying improvement in power output. Future research will need to investigate the effects of compression clothing on performance in other cross-country skiing events, especially those of longer duration. However, on the basis of our current findings, we conclude that the performance of cross-country skiers undertaking 3 × 3-minute DP will not benefit from application of such compression.
